Apoptosis is a form of programmed cell death that is implicated in both pathological and physiological processes throughout the body. Its imaging in vivo with intravenous radiolabelled-annexin V has been heralded as an important advance, with around 30 clinical trials demonstrating its application in the early detection and monitoring of disease, and the assessment of efficacy of potential and existing therapies. A recent development has been the use of fluorescently labeled annexin V to visualize single retinal cells undergoing the process of apoptosis in vivo with ophthalmoscopy. This has been given the acronym DARC (Detection of Apoptosing Retinal Cells). DARC so far has only been used experimentally, but clinical trials are starting shortly in glaucoma patients. Results suggest that DARC may provide a direct assessment of retinal ganglion cell health. By enabling early assessment and quantitative analysis of cellular degeneration in glaucoma, it is hoped that DARC can identify patients before the onset of irreversible vision loss. Furthermore, in addition to aiding the tracking of disease, it may provide a rapid and objective assessment of potential and effective therapies, providing a new and meaningful clinical endpoint in glaucomatous disease that is so badly needed.
Introduction
Recent meetings organized by the NEI and the FDA (13-14 March 2008 and 24 September 2010, Bethesda, MD, USA) have identified a clear and unmet need in glaucoma for methods to detect glaucomatous disease early in the disease process. 1 This need has been highlighted by the discouraging results of the first neuroprotective Phase III clinical trial in glaucoma, at a substantial cost to Allergan Inc. (Irvine, CA, USA), which lasted 7 years and ultimately failed on the primary end pointFvisual fields, which is currently the gold standard.
The key cell type implicated in the development of blindness in glaucoma is the retinal ganglion cell (RGC), [2] [3] [4] and RGC apoptosis has been clearly identified as the earliest form of cell loss in the disease. 5, 6 However, it has been estimated that up to 20-40% of RGCs are lost before field defects are detected by this method, resulting in a potential 10-year delay in diagnosis. 7, 8 Standard clinical tests are therefore clearly inadequate at detecting early glaucomatous visual functional deficits. 9 The DARC Technology (Detection of Apoptosing Retinal Cells) is an innovative technique that uses the unique optical properties of the eye to allow direct visualization of nerve cells dying through apoptosis, identified by fluorescent-labeled annexin V. DARC has been used in various experimental models for the in vivo analysis of RGC apoptosis. 1, [10] [11] [12] [13] Recent studies suggest its potential not only in investigating the pathogenesis of glaucoma, but also in its early diagnosis, as single cell resolution may enable the detection of abnormalities in the previously regarded 'sub-clinical' stages of the disease. Furthermore, the successful use of DARC in glaucoma models to assess the neuroprotective effects of potential drugs, 11, 12, 14, 15 suggests that the technique may also be useful in patients as a tool to gauge therapeutic efficacy.
Annexin V and apoptosis
Apoptotic cell death is a major contributory factor in disease pathogenesis throughout the body, including glaucoma, where vision loss is attributed to RGC apoptosis. [2] [3] [4] It is characterized by a sequence of well-described morphological and biochemical changesF namely cell shrinkage, chromatin condensation, membrane blebbing, pyknotic nuclei, degradation, and fragmentation of nuclear DNA, formation of 'apoptotic bodies' and finally clearance by professional phagocytes in the absence of inflammation.
Annexin V is one of a large family of evolutionarily conserved proteins, members of which are biochemically and structurally defined by their ability to bind to negatively charged phospholipids such as phosphatidylserine (PS) in the presence of Ca 2 þ . It is a 35-kDa protein expressed in many human cells and tissues. The cDNA was cloned by several groups and shown to have the four internal tandem repeats that define proteins of the annexin family. PS is present in the inner leaflet of the plasma membrane of all mammalian cells, but early during apoptosis membrane asymmetry is lost and PS becomes externalized in the outer leaflet. Binding of annexin V to the exposed PS may therefore be used to identify apoptosis at an early stage.
Because of its properties, annexin V has been used for some time in the cytological detection of cells undergoing apoptosis using fluorescein isothiocyanate-labeled annexin V (FITC-annexin V). 16 More recently, annexin V has been shown to be effective in the identification of apoptosis in vivo using radiological techniques and macroscopic fluorescent techniques. [17] [18] [19] In these clinical studies, Technetium-99m (99mTc)-radiolabeled annexin V was used as the targeted contrast agent in the detection of apoptosis in acute myocardial infarction, cerebral hypoxic, ishaemic brain injury, acute cardiac allograft rejection, hepatitis, lung cancer, breast cancer, lymphoma, and sarcoma. [17] [18] [19] [20] [21] [22] [23] Although these techniques rely on focal areas of apoptosis being detected rather than individual cells, the use of annexin V in these diverse clinical settings has generated a substantial body of evidence that intravenous administration of annexin V is well tolerated.
Although it is theoretically possible that labeled apoptotic fragments of cells might be internalized by neighboring or migratory phagocytes in vivo, fragmentation is a late (essentially final) event, and occurs after the period during that the cells label with annexin V. Indeed, if annexin V labeling was unable to make the distinction between apoptotic cells and apoptotic bodies, it would never have become the benchmark for apoptosis assays.
The DARC technology
DARC is a non-radioactive approach that uses fluorescent-labeled annexin V and high-resolution imaging to enable real-time detection of the temporal dynamics of cellular apoptosis.
1 DARC uses the unique optical properties of the eye that allow direct microscopic observation of cellular processes in the retina. It was originally based on the visualization of fluorescent-labeled annexin V-positive cells using an ophthalmoscope such as a confocal laser scanning ophthalmoscope (cLSO), with an argon laser of 488 nm necessary to excite the administered annexin V-bound fluorophore, and a photodetector system with a 521-nm cutoff filter to detect the fluorescent-emitted light. 1, 11 Software processing is conducted to compensate for eye movements and to optimize the signal to noise ratio. 24, 25 Although DARC will soon be tested for the first time in a glaucoma clinical trial, (ISRCTN59484478), all studies so far have used experimental models. 1, [11] [12] [13] [14] 26, 27 For imaging, wide-field retina images are acquired and assessed for fluorescence using a method we have previously described. 28 The total number of apoptosing RGCs for each time point in vivo is then calculated (Figure 1 ), 13 to create a 'DARC count'.
Presence of retinal ganglion cell apoptosis in glaucoma
The presence of RGC apoptosis has been identified in specimen eyes from glaucoma patients and a variety of different experimental models of glaucoma where it has been shown to be an early event, 2,3,5-7,29-32 but before the development of DARC, evidence for apoptotic RGC Figure 1 The retina of a rat with chemically induced apoptosis 2 h previously is shown with a wide-field lens. Each white spot is an individual RGC undergoing apoptosis, providing a snapshot of the level of RGC death at one time. Apoptosing retinal ganglion cells are identified by a fluorescently labeled annexin V markerFthe whole technique is given the acronym DARC (Detection of Apoptosing Retinal Cells). death had been restricted to histological and post-mortem analysis. 2, 3, 7, 29, 30 RGC loss is a well-documented sequelae of elevated intraocular pressure (IOP) in experimental glaucoma models. Several models of ocular hypertension have been developed in the rat, of which the technique first described by Morrison et al, [33] [34] [35] [36] [37] and used by us, has become the most popular. The development of RGC loss in these models has been chronicled with peak RGC loss of around 30-40% occurring at 1 month after IOP elevation. 2, 3, 35, [38] [39] [40] [41] RGC apoptosis is believed to occur predominantly in the early phase of RGC loss in rat OHT, 2,3,5-7,29-32 possibly as a pressure-related response. 42, 43 The level of RGC loss and RGC apoptosis as a function of ageing and disease has been previously estimated though is not well established. Zeyen 8 has discussed that the rate of ganglion cell attrition due to normal human aging is B0.4% loss per year, and this is supported by several other publications, [44] [45] [46] [47] whereas that due to glaucoma is estimated as up to 4% per year. The estimated increase in RGC loss in glaucoma is strongly supported by experimental data. 48, 49 Assuming that early visual field defects may be identified after a loss of B40% of RGCs, this equates to an approximate 10-year delay in the detection of abnormalities by standard perimetry. 8 Quigley et al, 3 reported that in monkeys, 4-13% of all RGCs were undergoing apoptosis in the 2-4 weeks immediately following experimentally induced glaucoma, with sustained IOP giving rise to a prevalence of 1% RGC apoptosis. In the same paper, there was a discrepancy in the detection rates of apoptosis with different methods, with at least a 10-fold difference between light microscopy methods compared with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis taken by authors to reflect the brief time window during which cells are TUNEL-positive. Not withstanding the limitations of this model of glaucoma, the authors calculated that B1200 TUNEL-positive cells are present at any given time, against an incidence of RGC apoptosis o0.04% in control retinas. RGC apoptosis in post-mortem specimens from patients with glaucoma has been confirmed, 4 ,50 though accurate percentage counts cannot be established with confidence because of the variables of post-mortem artefact.
DARC experimental glaucoma studies DARC has been used in several different glaucomarelated animal models with induced RGC apoptosis. Using these models, changes in RGC apoptosis have been recorded over hours, days, and months, with evidence that the extent of cell death depends on the magnitude of the initial apoptotic inducer. We have confirmed in vivo using DARC that RGC apoptosis occurs early in these models of glaucoma, and its presence has been validated histologically with annexinpositive cells identified by DARC colocalizing with RGC labeling. 1, 10, 11 In a well-established rat model of chronic OHT, 1, 10, 11 RGC apoptosis was demonstrated with DARC in vivo and validated histologically, and shown to account for 1, 15, 13, 7, and 2% of total RGCs, with RGC losses of 17, 22, 36, 45, and 60% of the original population at 2, 3, 4, 8, and 16 weeks, respectively. This was in comparison with an optic nerve transection rat model, where RGC apoptosis levels were recorded as 0.3, 1, 8, and 3% of total RGCs, with RGC losses of 0, 3, 40, and 76% at 0, 3, 7, and 12 days, respectively. These results were obtained from a large cohort of animalsFwith minimal intra-and inter-animal variability, reinforcing the reproducibility and repeatability of the DARC technique. 1, 10, 11 A major drawback in the management of glaucoma has to date been the lack of an accurate and sensitive method of diagnosis and monitoring treatment efficacy. DARC has been shown to provide a test of efficacy for neuroprotective treatments in several models of glaucoma. 11, 12, 15, 51 In fact, the most immediate potential benefit of DARC will be in its application to directly monitor the effects and efficacy of therapy in glaucoma. A particular advantage will be the ability to assess the effects of therapy on the DARC count after just days and weeks, rather than the years that it currently takes to obtain meaningful clinical end points.
As discussed above, methods for the early diagnosis of glaucoma are at present unsatisfactory, with significant vision loss having already occurred before patients are identified. In addition, the current use of IOP both as a diagnostic tool and as an index of control is insufficient. Studies have established there to be a wide range of IOP in glaucoma, with low IOPs not necessarily excluding the presence of glaucomatous damage, and recent evidence of progressive visual field loss despite normalization of IOP in patients treated with pressure-lowering strategies. 52, 53 Non-IOP-lowering treatments have thus become a key research area in glaucoma. Currently, the best-known neuroprotective agents are modifiers of the glutamate pathways. Excessive activation of glutamate receptors on release of glutamate from injured RGCs is heavily implicated in the development of RGC apoptosis and loss in glaucoma. 54 Inhibition or blockade of glutamate activity via modulation of its receptors has been advocated as an important strategy for neuroprotection in glaucoma, and in particular the modulation of NMDA (N-methyl-D-aspartate) -type glutamate receptors. NMDA antagonists have been been advocated as effective in preventing neuronal degeneration in neurological disorders such as Alzheimer's disease. 55, 56 Memantine is currently the best known NMDA antagonist with preclinical demonstration of its efficacy in experimental models of glaucoma disease. 57, 58 The full results of the Phase III clinical trial of POAG patients with Memantine have still not been published. However, this recent trial demonstrates the problem with current definitions of end points in glaucomaFIOP could not be used, so visual fields and optic disc changes have been used, accounting for the long period of follow-up (5 years) necessary for this trial.
Glutamate modulation is not the only mode of neuroprotection, and DARC has been used to assess new strategies, such as those targeting the Alzheimer protein b-amyloid.
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Potential challenges and solutions of translating DARC to clinic
How many apoptosing RGCs may be detected at any one time?
With the clinical studies of intravenous DARC due to start soon, attempts have been made to predict expected levels of RGC apoptosis in glaucoma patients at different stages of the disease. This is not straightforward and can only be conducted on a hypothetical basis by extrapolation from experimental and histological data, as there are no human data available. But, until the first patients are clinically assessed using DARC, these methods for modeling the disease and their predictive values are all that are available.
In the rat model of experimental glaucoma, RGC loss has been well-documented to change over time, 2, 3, 35, [38] [39] [40] [41] and this has been confirmed using DARC, with a clear profile in the development of RGC apoptosis after elevated IOP. 1 ( Figure 2 ). By converting rat into human years, 59 it is possible to estimate, in terms of disease progression in human years, an equivalent profile that may be applied to a hypothetical clinical situation.
In this hypothetical model, a sudden onset and development of the glaucomatous disease process is represented in a patient aged 50 years. Superimposing the extrapolated profile of RGC apoptosis shown in Figure 2 , Table 1 shows estimates of the levels of RGC apoptosis per year and per day, including an estimate of the apoptosis rate due to normal ageing (0.3%), and compares this with the estimated RGC apoptosis rate in an age-matched glaucoma patient. The bottom two rows I Table 1 provide actual numbers of cells predicted to die by apoptosis per day, according to the model. From this hypothetical model, it can be seen that for a period of 10 years from the onset of disease, the daily count of apoptosing RGCs (the DARC count) would be clearly much greater than that in an age-matched normal eyeFranging from 22 to 416 cells per day compared with 8. Furthermore, this 10-year period coincides exactly with the time-lag currently estimated as the delay in visual field perimetry detecting abnormalities 8 Fproviding further support for the application of DARC in the detection and diagnosis of early glaucoma.
How safe and invasive is the technology?
Annexin V has been used intravenously in up to 30 clinical trials, with none of them showing any adverse effects. All these trials have used intravenous radiolabeled annexin, and are summarized in Table 2 .
The first DARC trials will be with intravenous fluorescently labeled annexin V, based on the fact that the intravenous route has been used repeatedly in all the annexin V clinical trials described above. Furthermore, intravenous administration is an accepted route of administration in ophthalmology for example, fluorescein and indocyanide green angiography. However, refinement of a topical version of DARC is currently being worked upon, which would allow the technology to be totally non-invasive.
The conjugation of annexin with a fluorescent tag makes the DARC agent regarded as a new drug substance. The lead up to the Phase 1 clinical trial includes rigorous and robust safety and toxicology testing, under strict MHRA guidelines. Annexin V is a ubiquitous, endogenous and predominantly intracellular protein in humans, and therefore, distinct from an antibody, unlikely to incite an immunological reaction. There are some people with antiphospholipid syndrome Figure 2 The profile of RGC loss (bold line) and RGC apoptosis (dashed line) has been clearly documented in the rat OHT model of experimental glaucoma, and is shown above. Note the level of peak RGC apoptosis is at 3 weeks after elevated IOP, whereas maximal levels of RGC loss occur well after that, suggesting that RGC apoptosis is an early marker of disease.
and lupus who have anti-annexin V antibodies, although their exact role is unknown.
Is the technology sensitive enough to detect small numbers of apoptosing RGCs?
As one would expect of a novel technology, DARC has evolved and been refined since its original development to achieve better and more accurate resultsF modifications include not only improving and optimising the methods of labeling and protein identification, but also parallel alterations to the specification and functionality of the instrumentation. This has meant, for example, imaging with a wide-angle lens (Figure 1) , the selection of different wavelengths to enhance signal-to-noise, and improving the correlation of the in vivo and histology counts. 13, 51 As hypothesized in Table 1 , it is anticipated that DARC will provide a snapshot of the number of apoptosing RGCs at any one timeFgiving rise to a DARC count. Large population-based studies will be needed to establish the DARC count in relation to glaucoma and the normal ageing process, to validate the estimates above.
How will DARC distinguish between ageing and other causes of retinal neurodegeneration?
The hallmark of glaucoma is the presence of optic disc cupping with a characteristic pattern of visual field loss. The typical arcuate field loss is attributed to focal damage around the papillo-macular bundle. The presence of these focal changes is a feature of glaucoma, and allows it to be distinguished from other causes of RGC loss, such as ageing and neurodegeneration.
Only the planned clinical studies will reveal whether apoptosis occurs in the pattern of retinal nerve fibre defectsFas the studies of experimental glaucoma used to date in the exemplification of DARC were performed in animals that lack a macula. It would not be inconceivable to imagine this to be the case, and therefore the increased probability of detecting focal areas of increased DARC activity in the papillo-macular bundle.
Another potential challenge is whether DARC will be able to distinguish between glaucomatous and agerelated cell death. Experimental studies to date have suggested that apoptosis in glaucoma is confined to the RGC layer, 2, 3, 7, 30, 31, 60, 61 including our own using DARC 1,10-13 with little evidence of age-related apoptosis in other layers. There is recent work reporting that cell loss occurs to some extent in all retinal layers in humans in normal ageing. 62 We have shown recently that DARC can visualize INL bipolar apoptosis, 51 but this was in a retinal laser-photocoagulation as opposed to a glaucoma or age-related model. Perhaps the most relevant agerelated model in glaucoma is the DBA transgenic model, where Jakobs et al 61 clearly showed no bipolar or INL neuronal degeneration. Using the same model Reichstein et al 31 concluded: 'ythe annexin V labeling procedure is reliably specific for RGCs yin glaucomatous DBA retina', which is supported by our own experimental findings. Until the DARC clinical studies are underway, however, it is unclear how or whether apoptotic non-RGCs may affect the DARC count.
DARC and the future
Although annexin V has been widely used to monitor tissue apoptosis in disease, DARC is unique in that it permits in vivo resolution, and real-time non-invasive imaging, of single cells undergoing apoptosis. The application of DARC to directly observe single nerve cell apoptosis in experimental neurodegeneration, if desired in combination with other spectrally distinct cell markers, thus provides an opportunity for the investigation of fundamental disease mechanisms and the evaluation of interventions with clinical applications. Investigation of such mechanisms within the eye may shed light on mechanisms underlying neurodegeneration within the brain.
The applications of DARC thus include its use in glaucoma as a powerful new clinical tool with which to diagnose and identify patients with early disease, before they lose vision. Furthermore, it may serve as a biomarker, providing rapid information that could The RGC apoptosis count estimates are calculated from extrapolating the profile from the rat OHT model (Figure 2 ). Both yearly and daily (DARC count) levels of predicted RGC apoptosis are given in a hypothetical glaucoma case and compared with estimates of age-matched normal. 
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